Genetically distinct malaria parasites can 51
infect an individual through two routes 52 ( Fig. 1) . A single individual may be bitten 53 by two (or more) infected mosquitos, each 54 bearing a unique parasite genotype, or an 55 individual may be bitten by a single 56 mosquito bearing more than one parasite 57 genotype. Throughout, we refer to these 58 two processes as superinfection and co-59 transmission respectively. Following a 60 bloodmeal, gametocyte stage parasites 61 fuse in the mosquito midgut, and an 62 obligate round of sexual recombination 63
occurs. If only a single parasite genotype 64 is present all offspring will be identical 65 ( Fig. 1, top remaining 27 infections suggest a simple model of superinfection, where two unrelated parasite  102  genetic backgrounds colonize an individual, are insufficient to universally capture all patterns of  103 within-host relatedness (Supplementary File 1). We selected 15 infections across the range of 104 FWS and inferred K for single-cell sequencing, using a recently optimized method to generate 105 near-complete genome capture 11 . The malaria parasite undergoes 4-5 rounds of DNA 106
replication within a single cell producing segmented schizont stage parasites with an average of 107 16 genome copies 22 . We isolate individual schizonts by fluorescence activated cell sorting, 108
followed by whole genome amplification (WGA) under highly sterile conditions before 109 sequencing the amplified product. 110
111
Single cell sequencing of malaria parasites 112
In total we sequenced the genomes of 485 single-cells subjected to WGA (437 unique to this 113 study), 49 bulk infections and 24 clones isolated from a single patient by limiting dilution 16, 23 . 114
Prior to genotype filtering we scored 175,543 biallelic SNPs with a VQSLOD>0 across the 558 115 genome sequences. The highly repetitive and AT-rich P. falciparum genome 24 presents unique 116 challenges with generating an accurate picture of the variation present in a single-cell. We were 117
particularly concerned with capture of DNA from more than one genetic background during the 118 single-cell sequencing protocol and implemented stringent quality checks. Using sequencing 119
data from the 24 clones we estimated the threshold for identifying single cell sequences where 120
there was potential contamination from exogenous DNA at 1% of mixed base calls. The 121 sequences from the cloned lines were integrated into the single cell dataset for downstream 122 analysis. After excluding low coverage libraries (<75,000 calls, n=23) and sequences with >1% 123 mixed base calls (n=38) 424 single-cell sequences remained. After including 23 of the 124 sequences from ex vivo expanded clones there were 13-45 sequences per infection (mean 29.9 125 sequences; Supplementary Data Fig. 1 ). The number of sequences per sample attempted was 126 determined by rarefaction analysis (described below). 127 128
After quality control of the dataset we retained 60,002 SNPs scored in at least 90% of the 496 129 sequences, 10,997 of which had a MAF>0.05 across the 49 bulk sequenced infections. As an 130 initial characterization of our data we estimated the genetic diversity in each infection from the 131 number of unfixed sites from read pileups in bulk sequencing or across called genotypes in 132 single-cell sequencing. For paired bulk/single-cell data from the same infection a mean of 1.6 133 fold (range 0.7-9.1 fold) more polymorphic sites were discovered by single-cell sequencing than 134 by bulk sequencing (Supplementary Data Fig. 2 ). This is likely due to the limits in discovery of 135 Haplotypic diversity of malaria infections 140
A major goal in malaria genomics has been estimating the number of unique haplotypes (or 141 complexity of infection) within an infection 25 . We estimated the number of unique haplotypes 142 directly from the single-cell data. To exclude potential confounding of de novo mutation and 143
sequencing error we restricted analysis to 10,997 conservatively called sites with a MAF >0.05 144
in the 49 bulk sequenced infections. We estimated the number of unique haplotypes per 145 infection by collapsing haplotypes from the same infection that were different at <1% of sites. 146
For each infection we applied individual-based rarefaction to the haplotype abundances and 147 sequenced additional single genomes until a plateau in the rarefaction curve was reached 148
(Supplementary Data Fig. 3 ). Using this approach between 1 and 17 haplotypes were observed 149 in each infection ( Fig. 1c , Supplementary Data Table 1 ). There was strong correlation between 150 the effective number of strains 13 inferred by single cell sequencing and the effective K from 151
DEploid (Pearson's r 2 =0.61) and FWS (Pearson's r 2 =-0.51, Supplementary Data Fig. 4 ). whether diversity is due to superinfection of unrelated strains from multiple mosquito 166 inoculations, from co-transmission of related strains from a single mosquito inoculation or from a 167 combination of the two. To jointly characterize the between-and within-host genetic structure of 168 malaria infections we clustered infections based upon either a UPGMA tree of pairwise allele 169 sharing (Fig. 3a) or by unsupervised clustering in ADMIXTURE 26 (K=31; Fig. 3b , Supplementary  170 Data Figure 5 ). In both cases sequences from the same infection predominantly cluster 171
together, suggesting they were more related to each other than parasites drawn from the 172 population and diversity is likely the result of co-transmission by related parasites from the same 173 mosquito. 174 175
We used clustering estimated by the UPGMA tree, ADMIXTURE and mitochondrial genotypes 176 (Fig. 3c) 1469.8kb). As we limit inference of IBD to the 'core' genome 28 identical parasites share 218 20,577kb of their genomes IBD in 14 blocks (one per chromosome). The presence of IBD 219
sharing between individuals supports recent shared ancestry. For 10/15 of the infections there 220 was at least one block of IBD shared in all pairwise comparisons. As our filtering of IBD blocks 221 was limited to >2.5cM we are limited to inference of relatedness over the last 25 generations (~6 222 years) 29 . 223 224
Recent studies have highlighted the power of IBD networks to capture the structure of a parasite 225 population 29 . We built a network of pairwise shared IBD, creating links between parasites with 226 >15% of their genomes shared IBD (Fig. 4, Supplementary File 3) . This revealed close 227 connectivity between parasites from the same infection, with much sparser connectivity between 228 parasites from different infections. We observed subdivision within individual infections, 229 supporting many of the observations in Fig. 2 . Varying the minimum IBD required to connect 230 genomes allowed us to visualize how relatedness subdivides individual infections 231
( Supplementary File 3) . For instance MAL5 and MAL24 where two clusters of parasites were 232 only connected by the sequence derived from bulk sequencing to one another. 233 234
The distribution of total pairwise shared 235 IBD and the average shared block lengths 236
can be used to infer the relationships 237 between individual genomes 30,31 . We 238 inferred the degree of relatedness from 239 our data using the Estimation of Recent 240
Shared Ancestry (ERSA) algorithm. ERSA 241 estimates relatedness between individuals 242 from distribution of IBD tract lengths ( Fig.  243 5a,b) using assumed unrelated individuals 244 from the same population as a reference.
245
We see a spectrum of relationships within 246 each infection ( Fig. 5c, Supplementary  247 File 2). In MAL5 this confirmed the lack of 248 relatedness between the two clusters of 249
parasites, suggesting this infection was 250 the result of a genuine superinfection. co-transmission (MAL5). Across the 265 analysis, the genetic diversity of three infections (MAL17, MAL24 and MAL48) appears to be 266 driven by both superinfection of unrelated parasites and co-transmission of related parasites (in 267 addition to MAL5 where only superinfection is suspected). Surprisingly, we see substantial 268 genetic variation maintained amongst co-transmission parasites. In each of the three infections 269 there were more polymorphic sites segregating between co-infecting parasites than separating 270 superinfecting lineages ( Supplementary Data Fig. 6 ).
272
Discussion 273
There has been a concerted effort to understand the complexity of malaria infections from either 274 deep sequencing data 13,32,33 , or from genotyping a limited number of markers 12,34 . We show here 275
there is considerable depth to complex infections which may be challenging to infer from bulk 276 analysis alone. Through a combination of deep sequencing of bulk infections and single-cell 277 sequencing we have generated the most comprehensive study of the within-host diversity of 278 malaria infections to date. This provides a much needed standard for developing novel tools for 279
probing the complexity of infections from deep sequencing data. By using multiple estimates of 280 relatedness targeting distinct features of the data we argue that most complex infections result 281 from parasites co-transmitted from single mosquito bites in our dataset. Strikingly, our analysis 282
supports only a single infection where simple superinfection of two unrelated strains has 283 occurred (MAL5), and a further three infections where both superinfection and co-transmission 284
have concurrently contributed to diversity (MAL17, MAL24, MAL48). The remaining infections 285
were either monomorphic or showed strong support for co-transmission of related strains only. 286
In the two infections where we were unable to capture the minor strains (MAL33 and MAL37) 287
patterns of unfixed SNPs within the infection suggest the uncaptured strain was related to the 288 captured strain (Supplementary File 1).
290
Only parasites which transmit gametes to the same mosquito can produce recombinant 291
offspring. Estimates of the parasite diversity and relatedness within individual mosquitos 35 292
(albeit in a distinct population) are in general agreement with our datamost mating is between 293 related parasites. The mechanisms underlying why inbreeding is common, even in high 294 transmission settings, is less clear. Malaria transmission is intense in Chikhwawa 17 and we 295 expected superinfection to be more prevalent than we observed. A mechanism controlling the 296 outcome of superinfection, perhaps by hepcidin based inhibition of liver development in 297 superinfecting sprozoiites 36 , could explain why we do not see more superinfection. Alternatively, 298
the low numbers of superinfecting parasites emerging from the liver relative to those present in 299 established infections (which may contain 10 11-12 blood stage parasites) may limit establishment 300 of superinfections. Analysis of parasite diversity is generally limited to single blood draws due to 301 a need to treat symptomatic patients expediently. As this sampling strategy may overlook sub-302 clones circulating at lower frequencies there may be additional genetic variation which escapes 303 routine analysis. 304 305
The depletion of genetic variation during repeated rounds of co-transmission has been 306 previously modelled 6 , suggesting a substantial decline in the number of clones and an increase 307 in average relatedness can arise through a single transmission cycle. Our data suggest that few 308 complex infections have parasites which have been co-transmitted longer than two transmission 309 cycles. We observe substantial genetic variation is maintained despite the bottleneck of 310 mosquito transmission ( Supplementary Data Fig. 6 ) with up to 17 unique haplotypes likely 311
inoculated by a single mosquito. Understanding how patterns of transmission and within host 312 dynamics contribute to the diversity and relatedness structure within malaria infections will be 313 critical to ongoing elimination and control efforts. 314 315
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The Approximately 1 mL of frozen sample was thawed at 37 0 C and parasites were revived (~200ul 356 recovered pellet, ~1% parasitemia). Half of the recovered sample was frozen for bulk DNA 357 extraction and analysis. The other half was grown in 8 mL complete media for 40 hours to allow 358
for parasite progression to late stages, which generates higher quality genomic data after MDA 359 and library preparation 11 . ~8 ul of infected red blood cell pellet was stained in 10 mL PBS which 360
included 5 ul of Vibrant DyeCycle Green at 37C with intermittent mixing for 30 minutes. Cells 361
were washed once in PBS and individually sorted by FACS, gating for trophozoite and schizont-362 stage parasites. 363 364
Single-cell Sequencing 365
Library preparation for individually sorted late-stage parasites was carried out using the Qiagen 366
Single-Cell FX DNA kit without library amplification according to manufacturer's instructions.
367
Library products were analyzed by TapeStation and included off-target peaks typical of MDA 368 DNA inputs. Adapter-ligated DNA products were quantified by KAPA Hyperplus Kits. All 369 sequencing was performed on an Illumina HiSeq 2500. 370
